Abstract A major challenge in the development of anticancer therapies is the considerable time and resources needed for conducting randomized clinical trials (RCT). There is a need for more efficient RCT designs that accelerate development, minimize costs, and make trials more appealing to patients.We review the statistical and logistical characteristics of multi-arm designs that compare several experimental treatments to a common control arm. In particular, we present a rationale for not requiring multiplicity adjustment in multi-arm trials that are designed for logistical efficiency. Relative to conducting separate RCTs for each experimental agent, this multi-arm design is shown to require a lower total sample size than multiple two-arm trials.
The definitive stage of drug development requires convincing demonstration of clinical benefit, the gold standard being the phase III randomized clinical trial (RCT) in which patients are randomly assigned to the experimental or control treatment. As RCTs require considerable patient, infrastructure, and financial resources (1) , the number of experimental agents that can be tested in a given disease setting at a given time may be extremely limited. It is therefore imperative to optimize the phase III evaluation process. One attractive possibility for improving efficiency is to perform multi-arm trials with multiple experimental treatment arms and a single control arm. By sharing a control arm, the total required sample size can be dramatically reduced, allowing for agents to be tested in a more rapid fashion. There are, however, a number of statistical and logistical issues involved in the design of multiarm trials that can lessen their efficiency compared with performing separate two-armed trials of each agent. We discuss these issues using, as an example, the design of the intergroup trial E2805 led by the Eastern Cooperative Oncology Group.
Sharing a Control Arm Reduces theTotal Sample Size
If experimental agents X and Y are tested separately in their own RCTs, then there will be four treatment arms altogether (X, Y, and two control arms), whereas a single multi-arm trial will have three treatment arms (X, Y, and a single control arm), resulting in a reduction in total sample size of 25% (assuming no multiplicity adjustment; see below). With three experimental agents, the corresponding numbers of arms are six (for separate trials) and four (for a multi-arm trial), yielding a 33% reduction in total sample size. With four experimental agents, there is 37% reduction in total sample size; in general, with K experimental agents, there will be a (K -1) / (2K) reduction in total sample size.
An additional benefit to using a multi-arm design is that because there is a higher probability that a patient will be randomized to one of the experimental treatments than if separate two-armed trials are done (for which the probability would be 50%), the multi-arm RCT may be more attractive for patient participation (2 -4) . To further increase the probability of receiving an experimental treatment, some multi-arm trials are designed to randomize fewer patients to the control arm. For example, the SORCE trial (5) randomized fewer patients to the placebo arm. However, the marginal increase in the probability of receiving an experimental agent is offset by a larger overall sample size required in this approach. In a twoarmed trial, the most efficient randomization is 1:1. This is no longer true for a multi-arm trial. In fact, the sample size reduction is maximized if one allows for the possibility of randomizing a larger proportion of patients to the (single) control arm than to each of the experimental arms (6) . However, the incremental gain from increasing the proportion of control arm patients is small (usually <5%) and thus does not justify the negative aspect of reducing the probability of experimental arm assignment and the added complexity of unequal randomization.
Multiplicity Adjustment
It is well recognized by the medical research community that when multiple statistical tests are carried out in a single experiment, the probability of a false-positive result is inflated (7, 8) . With a multi-arm trial with K (>1) experimental treatment arms, this multiplicity question arises because each experimental arm will be compared with the control treatment arm, requiring K statistical tests. However, whether a multiplicity adjustment is required for this application is not straightforward. First, we note that if one wanted to make a multiplicity adjustment, one possibility would be to use a Bonferroni adjustment and require a nominal significance level of a/K for each of the K treatment-control comparisons to limit the overall probability of any false-positive result to be Va. The effect of this Bonferroni adjustment is to dramatically reduce the efficiency advantage of using the multi-arm trial. For example, for a trial designed with 90% power with one-sided a = 0.025, the sample size reductions for using a multi-arm trial instead of K two-armed trials are 11%, 14%, and 15% for K = 2, 3, and 4, respectively, when a Bonferroni adjustment is used. The reductions (Table 1) are slightly smaller for a trial designed with 80% power, and can disappear for less power (9) . These sample size reductions can be compared with 25%, 33%, and 37% if no adjustment were made. Several less conservative multiplicity adjustment methods have been proposed (10 -12) ; however, these methods provide only a marginal improvement over the Bonferroni adjustment.
But is it appropriate to make a multiplicity adjustment for this multi-arm trial application? A popular argument against such adjustments is that if the experimental arms were compared with controls in separate two-armed trials, then no adjustment would be made (13) . Although this is an appealing argument, it requires refinement and qualification. In particular, the relationship between the individual treatment questions needs to be examined. Was the study designed to support treatment recommendation(s) by a combined evaluation of individual comparisons or was each comparison intended to result in a separate decision? To put it another way: were the experimental arms put together in a single trial because the corresponding questions are related, or primarily, because of efficiency and logistical reasons? (14) An example of when the questions are related would be a trial that evaluates the addition of an experimental agent to several backbone regimens versus the control arm: an RCT (15) evaluated whether the addition of docetaxel to two platinum regimens is beneficial in advanced non -small cell lung cancer, docetaxel + cisplatin or docetaxel + carboplatin versus the standard regimen (vinorelbine + cisplatin). One should make a multiplicity adjustment here because the two comparisons are related in that they are both part of the primary study question ''addition of docetaxel to a platinum agent.'' Therefore, the treatment recommendation will be based on a joint interpretation of treatment comparisons. For example, if one of the two comparisons showed a marginally significant treatment effect but the other comparison was flat negative, we would need a smaller P value from the positive comparison to be convincing.
Another setting with related questions is when a trial evaluates several different schedules (16) or doses (17) of an agent versus the control. Here, again, each experimental arm is a component of a primary overall question, and the results of the treatment-control comparisons reflect on each other, suggesting that a multiplicity adjustment would be appropriate. In fact, some regulatory agencies explicitly require the adjustment for studies testing multiple doses (18) .
For the multi-arm trial application being considered here, several experimental agents share a control arm for the purpose of improving efficiency and the trial is focused on answering the efficacy question for each drug separately; the interpretation of the results of one comparison have no direct bearing on the interpretation of the others. In this situation, we believe no multiplicity adjustment is required (19) . An example is E2805 which randomly assigned locally advanced renal cancer patients to nine cycles of sunitinib (arm A), sorafenib (arm B), or placebo (arm C) after radical or partial nephrectomy. This study was designed to address two separate questions in resected renal cancer at high risk of recurrence: (a) is adjuvant sunitinib better than placebo and (b) is adjuvant sorafenib better than placebo? These questions could easily have been tested in different two-armed trials and the answer to each question is unrelated to the other. As we argue above, multiplicity adjustment is not required for this design. However, E2805 was designed using multiplicity adjustment to control the overall probability of a false-positive result to be 0.025 (one-sided type I error). The design calls for enrolling a total of 1,332 patients to provide f80% power to detect a 25% reduction in the hazard for disease-free survival. Without the adjustment, the same power can be achieved with only 1,110 patients. For comparison, conducting separate trials for each drug would require 1,480 patients.
The abovementioned issue of relatedness between the individual questions should not be confused with statistical correlation between the corresponding statistical tests associated with each question (20 -22) . In a multi-arm study, individual comparisons are positively correlated due to the use of the same control arm (this is not the case for separate trials). Because of this, a multi-arm trial has a lower overall probability of any false-positive result but a higher probability of making more than one false-positive conclusion (relative to separate trials; ref. 9). However, these probability differences are small (9) , especially when the number of experimental arms is in a practical range (two to four arms). Therefore, the fundamental issue for the purpose of multiplicity adjustment is the relatedness of clinical questions with the statistical correlation having minimal relevance. Table 1 . Reduction in sample size in a multi-arm trial relative to conducting K independent two-armed trials assuming trial designed with one-sided significance level (type I error) of 0.025, power as stated (for each experimental agent), and the accrual and follow-up periods being the same for all trials 
Interim Monitoring
RCTs incorporate formal interim-monitoring guidelines to allow stopping early for strong evidence of benefit of the experimental agent (efficacy) or when it seems that the experimental agent will not be better than the control treatment (futility). The presence of K experimental arms introduces additional complexity. We restrict the discussion here to the situation in which, as described above, the experimental arms are being incorporated into a multi-arm trial for efficiency reasons. As we noted above, in this situation, a multiplicity adjustment is not needed for the nominal significance levels associated with the individual treatment-control comparisons. However, even though this is true, a multiplicity adjustment is required for efficacy interim monitoring. This is because if sufficiently strong evidence of experimental treatment versus control efficacy is observed for at least one of the experimental treatments, this treatment will be deemed an improvement over the control treatment and the control arm will have to be stopped. This, in turn, dictates stopping accrual to other experimental arms because without concurrent controls, the subsequent patient results cannot be interpreted. Because the trial will be stopped if any of the treatment-control comparisons cross an efficacy interim-monitoring boundary, a multiplicity adjustment is required for the efficacy boundaries. A simple Bonferroni approach can be used, by dividing a P value stopping boundary for each treatment-control comparison by K. This leads to a more conservative efficacy boundary (one requiring stronger evidence for stopping) than if no multiplicity adjustment was made. After accrual is completed and all patients are off the study treatment, the effect of early reporting of one treatment-control comparison may only have a negligible effect on the other comparisons, especially if the possibility of crossover is low (e.g., in an adjuvant setting). Therefore, a less conservative efficacy monitoring approach may be appropriate after all study treatments have been completed.
In contrast to efficacy monitoring, no multiplicity adjustment is required for futility monitoring. This is because if one of the experimental arms crosses a futility interim-monitoring boundary, this treatment arm can be discontinued and the results of that treatment-control comparison can be made public without interfering with the continuation of the trial for the other treatment arms.
The efficacy monitoring for E2805 is based on the O'BrienFleming boundary (23) , adjusted to control the overall falsepositive error of concluding the efficacy of either experimental arm. The first interim analysis is planned at the time when 34% of the total number of events are observed. Accrual is expected to be completed at that time (although with some patients still on study treatment), minimizing the potential effect of efficacy stopping on the other treatment-control comparison. In theory, at the later interim analyses, after all patients are off the study treatment, one could have considered not making multiplicity adjustment in efficacy boundary. The protocol also specifies a futility rule without multiplicity adjustment that allows the discontinuation of an experimental arm.
Use of Placebos for Blinding
Many RCTs are blinded, especially when the primary outcome is not overall survival. In a two-armed trial, this is achieved by randomizing patients to receive either the experimental agent or a placebo for the agent. With a multiarm trial, blinding must ensure that none of the arms can be distinguished. When the multiple experimental arms employ different doses, administration schedules, or administration modalities (e.g., p.o. versus i.v.), blinding can become cumbersome. For example, in E2805, sorafenib and sunitinib are administered orally at different doses and schedules for nine cycles: sunitinib 50 mg (4 Â 12.5 mg capsules) p.o. daily Â4 weeks followed by rest Â2 weeks; sorafenib 400 mg (2 Â 200 mg tablets) p.o. twice daily Â6 weeks. Therefore, a distinct placebo was required for each drug: patients were randomized to receive (a) sunitinib and placebo for sorafenib (at sorafenib schedule), (b) placebo for sunitinib (at sunitinib schedule) and sorafenib, and (c) placebo for sunitinib (at sunitinib schedule) and placebo for sorafenib (at sorafenib schedule). The situation would be even more complicated if one of the drugs required i.v. administration. Generally, as the number of experimental arms increases, blinding can become less feasible.
One possibility to avoid the use of multiple placebos is to use partial blinding in which the patients randomized to the experimental treatments receive no placebos, and the control patients randomly receive one of the placebos for the experimental treatments. For example, if this approach had been used in E2805, one-third of the patients would have been randomized to sunitinib, one-third to sorafenib, one-sixth to a placebo for sunitinib, and one-sixth to a placebo for sorafenib. Each experimental arm would be compared against pooled placebo arms. This type of partial blinding is better than no blinding, but is not perfect; patients will not know whether they are on the control arm or an experimental arm, but they will know that they are not on some specific experimental arms. In addition, if one or more experimental arms are stopped for futility, then some patients will know that they are on either the control treatment or a treatment that has been deemed no better.
Definitive evaluation of an experimental agent in a RCT often requires data collection and/or logistical considerations tailored to the particular agent. For example, if certain toxicity was observed in early development, a more intensive monitoring focused on that toxicity may be required in the phase III study (especially early in the trial; ref. 24) . In a multi-arm blinded trial, this will require identical procedures to be used on all arms, potentially implying additional intensive and costly monitoring that may include invasive tests.
Other Logistical Issues with Multi-Arm Studies
Often, experimental arms have eligibility restrictions due to the specific safety/toxicity profile concerns. Therefore, combining the arms in a multi-arm study has the potential to narrow the pool of eligible patients (24) . Restrictive eligibility criteria may adversely affect accrual and generalizability (25) . result will diminish companies' willingness to participate. One issue of major concern is that the company's agent will be compared with the other experimental agents in the trial, and its status will be diminished if it has less efficacy than some of the other agents. As the trial is not designed to have sufficient precision to distinguish activity between the experimental treatments, this is an unfair comparison as one agent may falsely seem better than another. Although there is no way to keep readers from interpreting published trial results in various ways, the trial protocol can specify that the analyses for this trial are restricted to comparisons of each agent to the control.
Another possible company concern may be that one of the other agents being tested will cross an interim efficacy boundary and force the closure of the trial before the company's agent has been fully evaluated. However, as noted above, the interim-monitoring boundary for efficacy should be conservative in the multi-arm trial design. Therefore, it is less likely that a multi-arm trial would stop than a separate twoarmed trial of another agent would stop early for efficacy-an event that could also put a two-armed trial of the company's agent at risk of early closure.
A challenge to the industry is the potential that their investment in a RCT may be jeopardized by results from a competitor's trial which change the standard of care. A multiarm trial serves, in effect, to level the playing field by standardizing the assessment of the agents.
It is essential that the sponsor of the RCT exercises the same degree of attention to confidentiality of results and intellectual property rights that accompany separate two-armed trials. In E2805, both companies will receive at the end of the trial the raw data for the control arm and their agent.
Discussion
Phase III RCTs are an expensive and time-consuming component of drug development (1) . Improving the efficiency of phase III designs is an important public health issue. In this article, we provide a rationale for not requiring multiplicity adjustment in trials that were designed to achieve logistical efficiency by comparing several experimental treatments to a common control arm. This multi-arm approach is shown to require a lower total sample size compared with conducting separate RCTs for each agent. This design is also more appealing to patients and physicians because it provides an increased probability of receiving an experimental agent rather than the control treatment.
The multi-arm design efficiency gains offer the possibility of being able to test more experimental agents in a quicker fashion. However, rapid accrual of a large number of patients will still be required. If the multi-arm trial captures the most interesting agents available in the field at a time into a single trial, the trial can be seen as compelling and have enhanced accrual (E2805 has been able to accrue significantly ahead of schedule). Individual pharmaceutical companies usually do not have multiple drugs ready for phase III testing in the same disease setting. Therefore, several pharmaceutical companies with competitive products would likely need to be involved in a multi-arm trial, but may lack incentives to take advantage of this approach. These and other logistical complexities limit the pool of organizations that can successfully facilitate and carry out such a design. Large multi-institutional consortia (like the National Cancer Institute Cooperative Groups) are especially positioned to use this multi-arm approach. The groups have (a) wide access to patients and a proven track record for rapid accrual, (b) infrastructure for the design and conduct of large complex clinical trials, and (c) a unique academic/government status needed to address the logistics to accomplish complex blinding, drug distribution from a central source, data management, confidentiality, and preservation of intellectual property across several companies.
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